ABSTRACX The activity of single L-type Ca 2+ channels was recorded from cell-attached patches on acutely isolated skeletal muscle fibers from the mouse. The experiments were concerned with the mechanism by which aminoglycoside antibiotics inhibit ion flow through the channel. Aminoglycosides produced discrete fluctuations in the single-channel current when added to the external solution. The blocking kinetics could be described as a simple bimolecular reaction between an aminoglycoside molecule and the open channel. The blocking rate was found to be increased when either the membrane potential was made more negative or the concentration of external permeant ion was reduced. Both of these effects are consistent with a blocking site that is located within the channel pore. Other features of block, however, were incompatible with a simple pore blocking mechanism. Hyperpolarization enhanced the rate of unblocking, even though an aminoglycoside molecule must dissociate from its binding site in the channel toward the external solution against the membrane field. Raising the external permeant ion concentration also enhanced the rate of unblocking. This latter finding suggests that aminglycoside affinity is modified by repulsive interactions that arise when the pore is simultaneously occupied by a permeant ion and an aminoglycoside molecule.
INTRODUCTION
Aminoglycoside antibiotics are a class of large polycationic amino sugars (Berdy et al., 1980) . A body of evidence shows that the aminoglycosides inhibit neuromuscular transmission (Timmerman et al., 1959; Dretchen et al., 1972; Wright and Collier, 1977; Singh et al., 1979; Caputy et al., 1981; Enomoto and Maeno, 1981; Fieckers, 1983) . While these drugs are thought to inhibit neurotransmission by blocking voltage-gated Ca 2+ channels, they also block currents through a wide variety of ionic channels, including high-conductance CaZ+-activated K + channels (Nomura et al., 1990) , mechanotransduction channels in cochlear and vestibular hair cells (Ohmori, 1985; Kroese et al., 1989; Dulon et al., 1989) , as well as voltage-gated Ca 2+ channels (Hint et al., 1982; Suarez-Kurtz and Reuben, 1987; Atchison et al., 1988) . Aminoglycoside antibiotics have also been shown to cause certain forms of neurotoxicity through their action on voltage-gated Ca 2+ channels (Wagner et al., 1987) .
The mechanism by which aminoglycosides antibiotics inhibit Ca 2+ channels, however, is poorly understood. Previous studies have suggested that the polycationic aminoglycosides displace Ca 2+ from the surface membrane, thereby reducing the availability of permeant ion at the entrance to the channel (Hint et al., 1982; Suarez-Kurtz and Reuben, 1987) . This idea is supported by work on phospholipid membranes. Aminoglycosides bind to acidic phospholipids, where they reduce the membrane surface potential (Lfillmann et al., 1980; Brasseur et al., 1984; Chung et al., 1985; Gfibev et al., 1989) . In contrast to this purely electrostatic effect, the aminoglycosides may directly block ion fluxes through the conduction pathway. There is, however, little direct evidence for such a mechanism in Ca z+ channels.
This study describes the effects of various aminoglycoside antibiotics on the activity of single L-type Ca 2+ channels recorded from the surface membrane of mouse skeletal muscle fibers. Aminoglycoside antibiotics caused the channel to fluctuate between the open and closed state in a manner suggesting that it blocks the open channel by binding in the pore. We found, however, that blocker affinity depended little on its net charge, but much more strongly on the concentration of permeant ion in the external solution. The interaction between permeant ion and blocker can be explained by the same ion-ion interactions that contribute to the high rates of ion transport. Some of these results have been reported as an abstract (Winegar et al., 1992) .
MATERIALS AND METHODS

Preparation of Single Skeletal Muscle Fibers
Single flexor digitorum brevis (FDB) muscle fibers were dissociated from 17-d old wild type mice (C57BL/6; Simonsen Laboratories, Inc., Gilroy, CA) following the procedure described by Bekoff and Betz (1977) . The muscle was dissected free from the plantar surface of the hind limb and suspended for 30 rain in DME containing 0.25% collagenase B (Boehringer Mannheim Corp., Indianapolis, IN). The muscle was rinsed with DME supplemented with 5% horse serum and individual fibers were dissociated by drawing the muscle through the fire-polished tip of a Pasteur pipette. Isolated fibers were plated into 35-mm plastic Petri dishes that were coated with Matrigel TM (Collaborative Research, Inc., Waltham, MA) and allowed to adhere to the bottom of the dish.
Electrophysiological Methods
Single-channel activity was recorded from cell-attached patches following the technique described by Hamill et al., (1981) . Patch electrodes were pulled from borosilicate capillary tubes (Dynalab Corp., Rochester, NY), the shanks were coated with Sylgard | (Dow Coming, Corning, NY) and the tips heat-polished. Currents were measured with a List EPC-7 amplifier, filtered with an eight-pole Bessel filter (-3 dB at 3 kHz), and recorded onto a 200T PCM data recorder (A.R. Vetter Co., Rebersburg, PA). The current records were analyzed on a laboratory computer (LSI 11/73) after being filtered at 1 kHz and digitized at 5 kHz. All experiments were done at room temperature ~21-23~
Solutions
The patch electrode filling solution contained (in millirnolar) 150 LiCI, 10 HEPES, 5 EDTA, and 35 glucose. The pH was adjusted to 7.5 by adding tetraethylammonium hydroxide. Li + was used as the charge carrier through the channel , since the sulfate salts of the aminoglycosides were insoluble in the presence of high concentrations of divalent cations. The conductance of the skeletal muscle L-type channel in the presence of 150 rnM Li + was 12-15 pS, similar to its conductance in the presence of 110 mM Ba 2+ (Lansman, 1990 ). This value is considerably smaller than the conductance of the cardiac Ca 2+ channel, which is ~25 and 45 pS in the presence of 110 mMBa 2+ and 150 mM Li +, respectively . Moreover, that the conductance is similar in the presence of either Li + or Ba 2+ as the charge carrier, indicates that Li + binds with relatively high affinity to the pore. The bathing solution contained (in millimolar) 150 potassium aspartate, 5 MgCI2, 10 EGTA, 10 HEPES, and 10 glucose. The pH was adjusted to 7.5 with TEA-OH. The isotonic K § bathing solution was used to zero the cell's resting potential so that the patch potential was the same as the voltage applied to the electrode.
The voltage error introduced by this procedure was generally < 5 mV. An error as large as 10-15 mV was measured in a small number of experiments as a shift in the single-channel i-Vrelation after patch excision. The contribution of this source of error was minimized by rejecting experiments in which there was a change in the single-channel current after excising the patch at the end of an experiment.
Analysis of Channel Block
In recordings from patches on FDB fibers, channel opening probability was low in response to voltage steps that activate inward monovalent currents through the Ca '2+ channel (,-o-40 mV) . To increase channel open probability, we added the dihydropyridine agonist (+)-S-202-791 (1 IxM) to the bathing solution. Shortly after the agonist was added to the bath (< 1 min), channel opening probability during the voltage step increased and individual openings were prolonged (Hess et aI., 1984) . In many of the experiments, we also applied a strong positive prepulse (,',~+50 to +70 mV) before stepping the patch potential to the test potential (Lansman, 1990) . The positive prepulse increased channel activity during the subsequent voltage step and made it possible to record channel activity over a wider range of voltages than is possible using a single step protocol.
The blocking actions of the aminoglycosides were studied by adding the drug to the patch electrode filling solution. Channel openings were sufficiently prolonged in the presence of the dihydropyridine agonist so that block could be resolved as discrete transitions between the open and closed states. We performed control experiments to test whether the presence of the agonist influenced the blocking kinetics. The durations of open and blocked times were measured in the presence of either low or high concentrations of the agonist (0.5 or 10 IxM). The measured blocking kinetics were within 2% and, consequently, not affected by the 20-fold difference in the bath agonist concentration (data not shown). In an additional set of controls, we found that the blocking kinetics were also unaffected by including 10 mM each of EDTA and EGTA in the patch electrode filling solution. This ruled out the possibility that a metal ion contaminant contributed to the channel block observed in the presence of aminoglycoside.
To analyze the kinetics of the current fluctuations, transitions between the open and closed states were detected as crossings of a threshold level set halfway between the open and closed channel levels (Colquhoun and Sigworth, 1983 ). Records were not used for analysis if they contained multiple, superimposed bursts of openings. Channel openings within a burst were generally well-resolved within the 1 kHz bandwidth of the recording system. Because of the presence of brief closings in the single-channel records, however, we corrected the open times for missed closings when >20% of the events were missed. A correction for missed brief closings was necessary because they would cause the mean open time to be overestimated. The correction used was similar to the one described by Colquhoun and Sigworth (1983) and Blatz and Magleby (1986) . The ratio of the number of missed closings to the total number of closings was calculated as
where D is the dead time of the recording system (~200 Ixs) and iXc is the mean substate duration obtained from the fit to the his-togram of closed times. Mean open times were corrected by multiplying the uncorrected mean open time by the ratio given by (Eq. 1) and then subtracting the duration of all missed closings. The correction for missed blockages was tested in simulations (Winegar et al., 1991) . Single-channel data were simulated using the rate constants obtained from analysis of the blocking kinetics. The rates were used to specify a two-state random process and Gaussian noise was added to the simulated records. The records were filtered at one-fifth the sampling rate and analyzed with the half-threshold detection method. After correction for missed events, the measured rates were within 10% of the rates that were originally used to generate the simulated records.
RESULTS
The chemical structures of the aminoglycosides used in this study are shown in Fig. 1 . Aminoglycoside antibiotics consist of two or more amino sugars joined to a hexose nucleus by a glycosidic linkage. The different families of aminoglycosides differ in the number of amino sugars. As shown in Fig. 1 , neomycin has three amino sugars, while kanamycin and gentamicin have two each. Streptomycin and dihydrostreptomycin differ from the other aminoglycosides in that the hexose group is not centrally located and it is streptidine, rather than a 2-deoxystreptamine. The aminoglycosides also differ in their net charge at physiological pH, which ranges from +4.4 for neomycin to +2 for streptomycin and dihydrostreptomycin (Table I ). In the experiments described below, we investigated the blocking actions of each of the aminoglycosides shown in Fig. 1 to obtain information on the effect of aminoglycoside structure on the blocking mechanism. ings with an amplitude of ~-1.5 pA at -50 mV. In recordings made with an electrode filling solution conraining 1 mM of an aminoglycoside, however, there were many brief closures in the single-channel currents (records 2-6). Fig. 2 shows that 1 mM of either neomycin or kanamycin produced many more brief closures than did an equal concentration of either streptomycin, dihydrostreptomycin, or gentamicin. These brief closures represent individual blocking events that arise from the repetitive blocking and unblocking of the channel by a single aminoglycoside molecule. The experiments described below tested the validity of the channel blocking model.
Concentration Dependence of Block
As a starting point in the analysis, we adopted a simple model for open-channel block that has proved useful for studying the mechanism of drug block in a variety of ion channels (Armstrong, 1969; Neher and Steinbach, 1978) : 
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Aminoglycoside Block of Ca Channels Table I shows the equilibrium and kinetic constants obtained from the analysis of the block produced by kanamycin and the other aminoglycoside antibiotics. The data in Table I show that the various aminoglycosides differed in the magnitude of the blocking rate coefficients. Kanamycin and neomycin had the largest blocking rate coefficients, which are roughly an order of magnitude greater than gentamicin or streptomycin. The blocking rate coefficients followed the sequence, neomycin > kanamycin > streptomycin > > dihydrostreptomycin ~ gentamicin. This sequence corresponds roughly to an increase in the blocking rate with an increase in the n u m b e r of amino sugars on the aminoglycoside molecule. The data in Table I also show that the unblocking rates were virtually the same for all of the aminoglycosides (~270 s-l), except for gentamicin which had a considerably higher unblocking rate (~430 s-l). The lack of a dependence of the unblocking rate on the particular aminoglycoside is noteworthy, since these drugs differ in their net charge at physiological pH (see below). Apparently, differences in equilibrium affinity arise primarily from differences in the rate of blocker association with the channel and not from the stability of the aminoglycoside-channel complex.
Voltage Dependence of the Aminoglycoside Block
The aminoglycosides have a net charge at physiological pH which ranges from +4.4 (neomycin) to ~+ 2 . 0 (streptomycin and dihydrostreptomycin). According to the channel blocking model proposed by Woodhull (1974) , the effects of membrane potential can be explained in terms of its contribution to the free energy of blocker binding to its site in the channel. As pointed out above, aminoglycosides with a high net charge dissociate from their binding site just as rapidly as those with less net charge. This lack of an effect of net charge Josepovitz et al. (1982) and Kroese et al. (1989) . Kanamycin net charge is presumed to be similar to amikacin (+2.39 at pH 7.4). Amikacin is a derivative of kanamycin A. Dihydrostreptomysin is presumed to have a net charge close to streptomycin.
on blocking would be consistent with the model, however, if drug dissociation from the channel occurred over an insignificant fraction of the total field. Alternatively, only one charged group that is common to all of the aminoglycosides participates in the blocking reaction. To distinguish between these possibilities, the blocking kinetics were measured at different membrane potentials to obtain information on the voltage sensitivity of the individual steps of blocking reaction. Fig. 5 shows the single-channel activity that was recorded in four experiments in the presence of either neomycin, kanamycin, streptomycin, or dihydrostreptomycin. As shown in cording. As can be seen in the records, the number of closures increased as the test potential was made progressively more negative. Open and closed times were measured from the records and used to construct histograms which were then fit with a single exponential. Fig. 6 shows the inverses of the mean open and closed times obtained from the exponential fits plotted as a function of the test pulse potential (different symbols are for different aminoglycosides). Fig. 6 A shows that, although the aminoglycosides differed in the absolute value of their blocking rate, the blocking rate increased with hyperpolarization. An increase in the blocking rate with hyperpolarization can be explained by an enhanced rate of entry of the positively charged blocking particle to its binding site under the influence of the applied membrane field (Woodhull, 1974) . Table I .
shows, however, that the unblocking rate also increased with hyperpolarization. If an aminoglycoside binds to a site located in the membrane field, hyperpolarization would be expected to lower the blocking rate. This latter finding is not easily reconciled with the basic Woodhull model, since it would require that the negative membrane potential effectively repelled the positively charged blocker. Fig. 6 B also shows that the voltage dependence of unblocking was the same for all of the aminoglycosides ("-,e-fold change per 50 mV). An increase in the rate of unblocking with hyperpolarization has previously been interpreted as the ability of a charged blocker to exit into the interior of the cell (e.g., Lansman et al., 1986) . This interpretation seems unlikely here because the cross-sectional area of the aminoglycoside molecule (,'-'52-88 A2, Brasseur et al., 1984) is much larger than the pore of the skeletal muscle Ca 2+ channel, which is estimated to be ~-,6 ~k 2 at its narrowest point (McCleskey and Almers, 1985) . Unless binding of an aminoglycoside causes a large increase in pore size, it is not likely to pass through the channel at a finite rate. Consequently, an aminoglycoside is likely to leave its blocking site by returning back to the external solution.
Effect of Permeant Ion Concentration
The results presented so far suggest that the aminoglycoside binding site is in the channel, but they provide no information on whether the site is in the ion permeation pathway. If the binding site is located in the permeation pathway, then the probability that an aminoglycoside can enter and bind to the site will depend on whether the site is occupied by a permeant ion. In these experiments, we measured the open and blocked times in the presence of a fixed concentration of kanamycin (1 mM), but varied the concentration of Li + in the electrode. Li + was replaced with the impermeant cation, tetraethylammonium ion (TEA+), so as to maintain a constant ionic strength. In some experiments, however, sucrose was used to replace Li + rather than TEA. Fig. 7 shows that the blocking rate (filled symbols) was reduced as the concentration of Li + in the electrode was increased. The smooth line is the best fit for Li + binding to a single site in the channel (details in legend, Fig. 7) . The fit gave a KD~Li) = 110 mM and a maximum blocking rate of 639 s -1 in 0 mM Li +. The probability that the binding site is vacant can be estimated independently from the single-channel conductance, which reflects the probability that the channel is occupied by a second permeant ion (Almers and McCleskey, 1984; Hess and Tsien, 1984; Lansman et al., 1986; Kou and Hess, 1993b) . A fit of the plot of the singlechannel conductance vs the Li + concentration gave val- ues ofgmax = 26 pS and KD(Li) = 119 mM (details in legend, Fig. 7) . Thus, the Li + affinity estimated from the reduction in the blocking rate is very similar to that obtained from the saturation of the single-channel conductance. This is consistent with the idea that the aminoglycoside blocker occupies a site that may also be occupied by Li + during ion transport. In a previous study of the block of cardiac Ca 2+ channels by metal cations, raising the permeant ion concentration was found to enhance the rate of blocker exit from the pore . The ability of permeant ion to enhance dissociation of blocker was suggested to involve ion-ion interactions at the high affinity Ca 2+ binding site Kou and Hess, 1993a, b) . Fig. 7 shows that the aminoglycoside unblocking rates (open symbols) increased as the Li + concentration was raised. The unblocking rates were fit assuming one-to-one binding with an apparent KD(Li). = 106 mM. The enhancement of the rate of unblocking by external Li + indicates that the effect of Li + is more complicated than competition for a single site. This effect is consistent, however, with a model in which occupancy of a site by Li + destabilizes the binding of the aminoglycoside molecule. While it is possible that Li + binds to a site that is remote from the aminoglycoside binding site, the site is not likely to be located more externally than the aminoglycoside binding site. If this were the case, raising Li + would slow the rate of unblocking by trapping the aminoglycoside molecule in the channel. Regardless of its precise mechanism, however, the rate of unblocking is expected to be quite low in the absence of permeant ion (r s-l).
Effect of External pH
The aminoglycosides are known to adsorb to the surface membrane where they bind to negatively charged groups and reduce the negative surface potential (Chung et al., 1985; Gfibev et al., 1989 ). Although we have assumed that an aminoglycoside molecule binds in the channel, it may also bind outside the channel to negatively charged lipids. We performed experiments in which the external pH (pHo) was varied to alter the net charge on the aminoglycoside molecule. Since the ability of the aminoglycosides to bind to negatively charged lipids depends strongly on their net charge, their binding affinity would be greatly reduced at alkaline pH. Fig. 8 shows the effects of pH o on the block produced by 1 mM kanamycin. When the pHo was increased from 6.5 to 8.1, the number of blockages produced by kanamycin decreased. Note, however, that the duration of the individual blockages did not markedly change. Raising pHo from 6.5 to 8.1 also increased the amplitude of the single-channel current (Pietrobon et al., 1989) . Fig. 9 shows the results of the analysis of the effects of pHo on the kanamycin blocking kinetics. We found that lowering pH o greatly enhanced the blocking rate (filled symbols). The blocking rate data were fit with a curve that describes the titration of a single site with a pI~ = ~7.3. If pHo altered the concentration of an active drug species with a pK a = 7.3, then changes such as those observed in the blocking rate would be expected simply on the basis of the change in blocker concentration. Fig. 9 also shows that changing pHo over the range 6.5 to 8.1 had little effect on the unblocking rate (open symbols). The absence of an effect of pH o on unblocking is consistent with the finding that aminoglycoside affinity does not depend on its net charge. Fig. 9 (inset) shows that the steepness of the relation between the rate of unblocking and membrane potential was the same at pH 6.5 and 7.5. This provides further evidence that the net charge of an aminoglycoside does not determine the voltage dependence of block by a simple contribution to the free energy of binding.
DISCUSSION
The results presented in this paper show that the amp noglycosides inhibit L-type Ca 2+ channels by producing discrete channel closures. We found no evidence to support a mechanism in which aminoglycosides re- duced the permeant ion concentration near the entrance to the channel by screening fixed negative charges, as proposed by Suarez-Kurtz and Rueben (1987) . Although the concentrations of aminoglycosides used in this study would have substantially reduced the electrostatic surface potential (Chung et al., 1985) , there was no change in the amplitude of the single-channel current over the concentration range studied. Because the effectiveness in screening surface charge is an exponential function of blocker charge, the blocking potencies of aminoglycosides would also be expected to vary according to their net charge. The results showed, however, that the block produced by neomycin, with a net charge of +4.4, was as strong as that produced by kanamycin, which has a net charge of +2.4 at the same pH. These observations, together with the observation of discrete blocking events in the presence of aminoglycosides, are not easily explained by a charge screening mechanism.
Mechanism of Block
The blocking kinetics were well described by a • 105 M-is -1. In addition, the inverse of the mean blocked times were concentration-independent and gave an unblocking rate which ranged from 250-290 s -1 at -40 mV for all of the aminoglycosides studied, except gentamicin, which had a somewhat higher rate. The results also showed that the blocking rate increased with hyperpolarization in a manner consistent with the movement of a positively charged blocker from the external solution to a binding site located within the membrane field. That the binding site is located within the ion conduction pathway was suggested by the observation that increasing the permeant ion concentration reduced the rate of entry of an aminoglycoside into the pore. The observation that all of the aminoglycosides had more or less identical unblocking rates suggests that only a portion of an aminoglycoside binds within the pore. A similar interpretation was reached by Nomura et al. (1990) who compared the blocking actions of aminoglycosides and simple alkylamines on CaZ+-activated K + channels incorporated into planar bilayers. They showed that the electrical distances obtained from the voltage dependence of block were the same for aminoglycosides and alkyldiamines, but the distances were twice the size of those estimated from the block produced by alkylmonoamines. Nomura et al. (1990) concluded that the two amino groups of the central 2-deoxystreptamine of neomycin and kanamycin entered into the channel to block ion conduction. Our results showed, however, that streptomycin and dihydrostreptomycin, which have a streptadine rather than a 2-deoxystreptamine, bound as tightly as neomycin or kanamycin. Thus, the central hexose group cannot by itself determine aminoglycoside residence time in the Ca 2+ channel pore. An alternative explanation is that only one of the amino groups entered into the pore to block the channel. The participation of only one amino group in the blocking reaction is supported by the finding that the apparent pK, of the blocking particle is close to the pK, of the free amino groups at positions 2 and 3 of kanamycin (pI~ = ~7.5; Dorman et al., 1976) . If only one of the free amino groups acts as the blocking particle, then the observed increase in the blocking rate with the number of amino groups would simply reflect the increase in the number of possible ways for an aminoglycoside to interact with the channel.
The pore blocking model that has been proposed does not easily account for the enhanced rate of aminoglycoside exit back to the external solution at negative potentials. One possibility is that blocker affinity depends on the occupancy of the pore by permeant ion. It is well-established that Ca 2+ channel selectivity involves the binding of divalent cations to a high affinity site located in the pore (reviewed by Tsien et al., 1987) . To account for the high rates of ion transport, models of ion permeation in Ca 2+ channels have postulated the existence of multiple sites located within the pore and an enhanced rate of dissociation when the pore is multiply occupied (Almers and McCleskey, 1984; Hess and Tsien, 1984 ; but see Armstrong and Neyton, 1992) . Evidence for such ion-ion interactions has come from studies of Ca 2+ channel block by metal cations where occupancy of the pore by permeant ion was found to speed blocker exit from the pore Kou and Hess, 1993a, b) . Kou and Hess (1993b) characterized these ion-ion interactions in terms of an "enhancement site" that is located at the high affinity binding site(s). The present results are consistent with Li + acting at the enhancement site to reduce the affinity of an aminoglycoside bound to the high affinity site. The enhancement effect, however, differs from that observed when small transition metals, such as Cd 2+ and Mg 2+, block the pore. These metal ions are able to dissociate from the pore by passing through the channel to the inside of the cell Kou and Hess, 1993a, b) . By contrast, occupancy of the pore by permeant ion apparently enhances the dissociation of an aminoglycoside back to the external solution. In this regard, the pore appears to deviate from strict single-file behavior. That there was no evidence for "lock-in" of an aminoglycoside when the external permeant ion concentration was raised, also suggests that there is no restriction on the forward movement of permeant ion when the blocking site is occupied. These deviations from single-file behavior suggest a permeation model in which both permeant ion and blocker complex with a single binding site (Armstrong and Neyton, 1992) .
Recent studies of cloned Ca 2+ channels have localized the high affinity binding site to four glutamate residues in the pore-forming region of the 0~ subunit (Kim et al., 1993; Yang et al., 1993) . Evidence suggests that the high affinity binding site is located close to the external surface (Kou and Hess, 1993b) . The results of this study suggest a model in which one of the positive charges of an aminoglycoside enters into the pore and complexes with the four glutamates making up the binding site. We suggest that a three position amino group complexes with the high affinity site, leaving two amino sugars protruding out of the pore. Unblocking may require only that the amino group rotates out of the pore, a step which would involve a negligible fraction of the field. The putative kanamycin binding site of the enzyme, kanamycin nucleofidyltransferase, is made up of a ring of seven negatively charged glutamates and aspartates, which also contribute to the Zn 2+ binding site (Sakon et al., 1993) . The blocking actions of aminoglycosides may, therefore, reflect their ability to interact with specific divalent cation binding sites, rather than diffuse negative charges. This work was supported by the Muscular Dystrophy Foundation and the Office of Army Research (JBL). C.M. Haws was supported by a California Heart Association Fellowship.
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